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1.  Introduction 


1.1  Nanowires 

One-dimensional  nano  wires  are  of  increasing  interest  due  to  their  nanosize,  physical  properties, 
and  other  applications  in  opto-electronics.  For  example,  nanowires  have  already  been  used  in 
light-emitting  diodes  and  lasers,  photodetectors,  resonant  tunneling  diodes,  field-effect  and 
single-electron  transistors,  and  biochemical  sensors  (1).  In  addition  to  these  applications, 
nanowires  are  useful  because  they  can  be  grown  almost  dislocation  free,  due  to  their  nano 
dimension.  The  quality  of  crystalline  materials  is  diminished  by  dislocations  and  other  defects 
that  invariably  form  because  of  the  lattice  mismatch  between  the  grown  material  and  the 
substrate.  As  a  result,  the  goal  of  a  crystal  grower  is  to  avoid  or  reduce  the  formation  and 
propagation  of  dislocations  during  the  crystal  growth  process,  which  leads  to  a  top  portion  of  the 
epilayer  with  a  reduced  dislocation  or  defect-free.  Therefore,  when  dislocation-free  nanowires 
nucleated  on  the  substrate  merge  to  form  a  continuous  film,  voids  are  left  underneath,  which  act 
as  sinks  for  dislocations,  allowing  other  structures  to  be  grown  stress-free  on  top  of  the 
nanoengineered  buffer  layer.  Thus,  nanowires  hold  a  lot  of  promise  for  improving  the  quality  of 
crystalline  materials  and  mitigating  the  effect  of  dislocations,  leading  to  better  detector 
performance. 

1.2  Molecular  Beam  Epitaxy 

Compared  to  other  growth  methods,  molecular  beam  epitaxy’s  (MBE)  relatively  low  growth 
temperature,  ultrahigh  vacuum,  and  precise  control  of  beam  fluxes  reduces  impurities  and  allows 
for  greater  control  in  doping  individual  nanowires  and  forming  complex  junctions  (2). 
Furthermore,  various  methods  of  in  situ  observation,  such  as  reflection  high-energy  electron 
diffraction  (RHEED),  are  relatively  easy  to  implement  in  an  MBE  system. 

II- VI  nanowires,  such  as  cadmium  telluride  (CdTe)  and  zinc  telluride  (ZnTe),  are  typically 
grown  by  a  vapor-liquid-solid  (VLS)  growth  mechanism  (figure  1),  as  first  described  by  Wagner 
and  Ellis  (i).  In  this  mechanism,  catalytic  metal  droplets  on  the  substrate  surface  form  liquid 
eutectics.  Gold  is  typically  chosen  for  the  catalyst  due  to  its  low  eutectic  temperature.  The  lower 
temperature  of  the  eutectic  makes  the  droplets  the  preferred  site  for  deposition  so  that  the 
droplets  absorb  source  atoms  until  they  are  supersaturated.  Nanowires  grow  underneath  the 
droplet  by  precipitation  and  end  with  a  characteristic  metallic  droplet  at  the  tip.  While  the  length 
of  the  nanowires  is  controlled  by  the  MBE  growth  conditions,  the  diameter  and  location  of  the 
nanowires  are  determined  by  the  gold  droplets.  Therefore,  controlling  the  size  and  density  of  the 
gold  catalysts  is  essential  to  understanding  the  growth  of  nanowires.  For  the  purposes  of  growing 
nanowires  that  would  eventually  merge  into  a  continuous  film,  we  wanted  the  nanoparticles  to  be 
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as  large  and  as  close  together  as  possible.  We  used  MBE  to  grow  gold  nanoparticles  and 
investigated  the  influence  of  the  relative  thickness  of  the  initial  layer  of  gold,  the  annealing 
temperature,  and  the  annealing  time  on  the  size,  density,  diameter,  and  height  of  the  gold 
particles. 


Figure  1.  Schematic  illustration  of  VLS  growth  mechanism  (5). 


1.3  Atomic  Force  Microscopy  and  Scanning  Electron  Microscopy 

Atomic  force  microscopy  (AFM)  and  scanning  electron  microscopy  (SEM)  were  both  used  to 
characterize  these  gold  nanoparticles  due  to  their  high  resolution  and  precise  measurement 
capabilities.  Because  of  the  SEM’s  relatively  quick  scanning  rate,  it  was  used  to  first  confirm 
that  nanoparticles  were  indeed  present,  while  the  AFM  was  used  to  provide  three-dimensional 
(3-D)  images  and  the  dimensions  of  the  nanoparticles.  The  SEM  contains  an  electron  gun  and 
detectors  that  interpret  the  scattering  of  electrons  when  the  beam  interacts  with  the  sample 
surface.  The  AFM  uses  a  cantilever  with  a  microscopic  sharp-tipped  probe  that  scans  the  surface 
of  a  sample.  In  tapping  mode,  the  cantilever  vibrates  at  an  alterable  frequency  on  the  sample.  A 
laser  is  positioned  on  the  cantilever  and  the  deflections  are  picked  up  by  photodiodes. 


2.  Experimental 


2.1  Wafer  Preparation 

The  substrates  were  3-in  silicon  (Si)  (100)  phosphor-doped  wafers.  They  were  cleaned  by  a 
modified  RCA  procedure.  The  wafers  were  first  bathed  in  a  1:1:5  ammonium  hydroxide 
(NH3OH):  hydrogen  peroxide  (H2O2):  water  (TEO)  solution  to  removed  organic  contaminants 
and  then  rinsed  with  deionized  water.  They  were  then  bathed  in  a  diluted  hydrogen  fluoride  (HF) 
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solution  to  remove  a  thin  silicon  dioxide  layer  followed  by  a  1:1:5  hydrochloric  acid 
(HC1):H2C>2:H20  solution,  which  was  used  to  remove  ionic  contaminants.  Finally,  they  were 
rinsed  with  deionized  water  and  transferred  to  the  MBE  system. 

2.2  Growth  Conditions 

Fabrication  of  gold  particles  on  Si  was  conducted  using  a  DCA  MBE  system  equipped  with  a 
3.25-in  substrate  heater.  Three-inch  Si(100)  nominal  wafers  were  used  as  substrates.  All  Si 
wafers  were  cleaned  using  the  modified  RCA  process,  as  described  in  section  2.1.  This  process 

o 

leaves  an  approximate  12- A  uniform  oxide  layer  on  the  Si  surface,  which  must  be  thermally 
removed  in  the  growth  chamber.  For  these  experiments,  the  samples  were  quickly  heated  to 
1050  °C  to  remove  the  oxide  layer  and  then  quickly  cooled  under  an  AS4  flux  to  500  °C.  Finally, 
the  sample  was  cooled  to  the  nucleation  temperature  of  230  °C  without  any  flux.  Note,  that  all 
temperatures  stated  are  readings  from  a  thermocouple,  which  was  located  approximately  10  mm 
from  the  back  of  the  substrate.  Although  the  thermocouple  does  not  measure  the  precise 
temperature  of  the  sample  surface,  this  configuration  provides  both  excellent  temperature  control 
and  run-to-run  reproducibility.  The  real  substrate  temperature  was  obtained  from  the  calibration 
based  on  the  melting  points  of  indium  (In),  selenium  (Se),  cadmium  (Cd),  and  zinc  (Zn).  After 
oxide  desorption,  a  thin  gold  film  was  deposited  and  annealed  to  form  nanoparticles.  The 
temperature  of  the  gold  effusion  cell  was  set  to  1250  °C  for  a  flux  of  approximately  0.125  nm/s. 
The  time  of  deposition,  annealing  temperature,  and  annealing  time  were  varied  according  to 
table  1.  RHEED  was  used  to  observe  the  process  in  situ.  After  annealing,  some  samples  were 
studied  using  SEM  and  all  samples  were  studied  with  AFM  to  look  at  the  size  and  number 
density  of  the  particles. 

Tablet.  Growth  conditions. 


Estimated  Thickness  of  Initial  Au  Layer 
(nm) 

Annealing  Temperature 
(°C) 

Annealing  Time 
(s) 

12.5 

580 

600 

25 

50 

75 

100 

75 

480 

600 

530 

580 

630 

680 

75 

530 

300 

600 

900 

1200 
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3.  Results  and  Discussion 


3.1  Gold  Film  Thickness 

The  results  of  varying  the  thickness  of  the  initial  layer  of  gold  can  be  seen  in  the  SEM  and  AFM 
images  in  figure  2.  Extracted  densities  and  diameters  of  the  gold  particles  were  plotted  versus  the 
thickness  of  the  initial  gold  film,  as  shown  in  figures  3  and  4,  respectively.  The  12.5-nm  sample 
did  not  yield  clear  nanoparticles  and  was  much  flatter  than  the  other  samples.  The  small  clusters 
were  densely  packed  with  heights  less  than  5  nm.  The  25-,  75-,  and  100-nm  samples  look  mostly 
similar,  but  the  minimum  diameter  increases  and  the  range  of  diameters  decreases  as  thickness 
increases  while  the  density  stays  about  the  same.  A  critical  point  occurs  around  the  50-nm 
sample,  although  it  may  have  been  a  result  of  leaving  it  in  the  MBE  chamber  overnight  because 
the  water  cooler  broke.  Our  results  seem  to  indicate  that  thickness  of  initial  film  has  a  noticeable 
impact  on  the  minimum  diameter  of  the  gold  particle  and  no  impact  on  density  and  average 
diameter  of  the  gold  particles. 


Figure  2.  SEM  and  AFM  images  of  gold  nanoparticles  annealed  at  580  °C  for  10  min  and  varied  thicknesses  of  the 
gold  films.  Growth  times  were  (a)  100  s,  (b)  200  s,  (c)  400  s,  (d)  600  s,  and  (e)  800  s.  The  top  row  of 
images  was  taken  with  the  SEM  at  a  magnification  of  about  220,000  times  and  a  working  distance  of 
around  14  mm.  The  second  row  of  images  was  taken  with  the  AFM  at  a  sample  size  of  500  nm  x  500  nm 
and  vertical  scale  of  25  nm,  with  the  corresponding  3-D  view  below. 
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Figure  3.  Densities  of  the  gold  particles  as  a  function  of  the 
thickness  of  the  initial  gold  film. 
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Figure  4.  Diameters  of  the  gold  particles  as  a  function  of  the 
thickness  of  the  initial  gold  film. 


3.2  Annealing  Temperature 

A  100-nm-thick  gold  film  was  annealed  at  various  temperatures  to  form  gold  particles.  Figure  5 
shows  the  AFM  images  of  the  gold  particles.  Extracted  densities  and  diameters  of  the  gold 
particles  were  plotted  versus  annealing  temperatures,  as  shown  in  figures  6  and  7,  respectively. 
The  results  seem  to  indicate  that  the  annealing  temperature  does  not  have  a  clear  effect  on  the 
density  of  the  nanoparticles.  The  minimum  diameter  appeared  to  increase  slightly  as  the 
annealing  temperature  increased.  Annealing  at  530  °C  yielded  the  largest  nanoparticles,  which 
are  best  suited  for  our  purposes. 
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(a)  480°C 


(b)  530°C 


(c)  580°C 


(d)  630°C 


(e)  680°C 


Figure  5.  AFM  images  of  gold  nanoparticles  with  a  100-nm-thick  initial  layer  and  annealed  for  10  min  at  varied 

temperatures.  Images  were  taken  with  a  sample  size  of  500  nm  x  500  nm  and  vertical  scale  of  25  nm,  with 
the  corresponding  3-D  view  below. 
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Figure  6.  Densities  of  the  gold  particles  as  a  function  anneal 
temperature. 
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Figure  7.  Diameters  of  the  gold  particles  as  a  function  anneal 
temperature. 
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3.3  Anneal  Time 

AFM  images  of  the  gold  particles  annealed  at  530  °C  for  various  durations  are  show  in  figure  8. 
Extracted  densities  and  diameters  of  the  gold  particles  were  plotted  versus  annealing  time,  as 
shown  in  figures  9  and  10,  respectively.  Clearly,  the  annealing  time  had  the  noticeable  effect  on 
the  sizes  of  the  nanoparticles.  As  shown  in  figure  10,  the  average  diameter  of  the  nanoparticles 
decreased  slightly  as  annealing  time  increased,  although  the  average  values  could  be  skewed  by 
the  samples  we  chose.  However,  the  variance  in  size  clearly  decreased  from  a  range  of  nearly 
80  nm  to  about  45  nm.  There  did  not  appear  to  be  a  correlation  between  the  annealing  time  and 
the  density  of  the  particles. 


Figure  8.  AFM  images  of  gold  nanoparticles  with  a  100-nm-thick  initial  layer  and  annealed  at  530  °C  for 
various  times.  Images  were  taken  with  a  sample  size  of  500  nm  x  500  nm  and  vertical  scale  of 
25  nm,  with  the  corresponding  3-D  view  below. 
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Figure  9.  Densities  of  the  gold  particles  as  a  function  annealing  time. 
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Figure  10.  Diameters  of  the  gold  particles  as  a  function  annealing  time. 


4.  Conclusions 


In  conclusion,  we  found  that  changing  the  thickness  of  the  initial  layer,  the  annealing 
temperature,  and  annealing  time  had  some  influence  on  the  size  of  the  nanoparticles,  but  did  not 
clearly  influence  the  density.  The  annealing  time  seemed  to  have  the  greatest  effect,  while  the 
annealing  temperature  has  the  smallest  effect.  In  general,  annealing  for  longer  times  yields 
smaller  particles  with  a  smaller  size  distribution.  However,  the  exact  relationship  between  the 
growth  parameters  and  the  resulting  properties  is  unclear.  Due  to  time  constraints,  we  could  do 
multiple  trials  for  only  a  few  runs,  and  more  trials  for  the  other  conditions  are  needed  to  confirm 
our  results.  Further  runs  with  thicker  layers  and  at  higher  and  lower  annealing  temperatures  and 
times  could  be  helpful  in  illuminating  the  overall  trend. 

Although  the  AFM  was  helpful  in  producing  3-D  images,  the  analyzing  tools  were  not  very 
accurate,  which  may  have  skewed  our  quantitative  results.  More  experience  with  the  AFM,  more 
advanced  image  processing  tools,  or  more  scans  could  give  us  more  accurate  results. 

For  the  purpose  of  forming  nanobridges,  we  wanted  the  nanoparticles  to  be  as  dense  and  large  as 
possible.  Thus,  an  initial  layer  100  nm  thick  yielded  the  largest  nanoparticles,  while  annealing  at 
530  °C  and  10  or  15  min  yielded  the  densest  particles. 
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List  of  Symbol,  Abbreviation,  and  Acronyms 


3-D 

three  dimensional 

AFM 

atomic  force  microscope 

Cd 

cadmium 

CdTe 

cadmium  telluride 

H20 

water 

h2o2 

hydrogen  peroxide 

HC1 

hydrochlorin  acid 

HF 

hydrogen  fluoride 

In 

indium 

MBE 

molecular  beam  epitaxy 

NH3OH 

ammonium  hydroxide 

RHEED 

reflection  high-energy  electron  diffraction 

Se 

selenium 

SEM 

scanning  electron  microscopy 

Si 

silicon 

VLS 

vapor-liquid-solid 

ZnTe 

zinc  telluride 
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